A two-dimensional mathematical model coupling fluid dynamics, salt and substrate transport and biofilm development in time was used to investigate the effects of cross-flow velocity and substrate availability on biofouling in reverse osmosis (RO)/nanofiltration (NF) feed channels. Simulations performed in channels with or without spacer filaments describe how higher liquid velocities lead to less overall biomass amount in the channel by increasing the shear stress. In all studied cases at constant feed flow rate, biomass accumulation in the channel reached a steady state. Replicate simulation runs prove that the stochastic biomass attachment model does not affect the stationary biomass level achieved and has only a slight influence on the dynamics of biomass accumulation. Biofilm removal strategies based on velocity variations are evaluated. Numerical results indicate that sudden velocity increase could lead to biomass sloughing, followed however by biomass re-growth when returning to initial operating conditions. Simulations show particularities of substrate availability in membrane devices used for water treatment, e.g., the accumulation of rejected substrates at the membrane surface due to concentration polarization. Interestingly, with an increased biofilm thickness, the overall substrate consumption rate dominates over accumulation due to substrate concentration polarization, eventually leading to decreased substrate concentrations in the biofilm compared to bulk liquid.
Introduction
Desalination of brackish water and seawater using reverse osmosis (RO) technology has become increasingly important in recent years due to severe water shortages experienced in several regions in the world [1] . Despite recent innovative pretreatment strategies for the feed water of the RO module, prevention of biofouling remains a problem. Biofilms develop in all RO membrane plants from the start of operation [2] , but what actually has an impact on the system performance are the amount and the place where the biofilm forms. Biofouling, i.e. the substantial decline of membrane performance due to biofilm development, only occurs when a threshold value of biomass is attained in the system [3] . Better understanding of biofilm formation in membrane systems is important so that the operational problems caused by the biofilm can be reduced. Computational approaches can complement experimental studies if one could evaluate by numerical means the effect of different operational conditions on biofouling. In general, models for membrane processes account for the liquid flow pattern and the associated mass transfer of solutes (e.g., salts, organic substrates). Besides these essential membrane-related processes, a numerical study of biofouling must include also a model of biofilm development and of its effect on membrane processes.
Many studies reported a complex relationship between liquid flow and biofilm structure [4] [5] [6] [7] . Mass transport and fluid shear stress are both dependent on the hydrodynamic conditions, thus the flow pattern will significantly influence biofilm processes (as described in models [8] [9] [10] [11] ). One would expect that the higher the fluid velocity, the larger the external mass transfer rate of nutrients to the biofilm and therefore the biofilm growth is faster. On the other hand, the net biofilm accumulation is determined by the balance between biomass growth and detachment rates. High velocity also implies larger shear forces at the biofilm surface. If the biofilm had constant mechanical properties in time, larger shear could lead to more biomass detachment. However, on the long term, denser, stronger and more resilient biofilms develop at large shear rates. Clearly, due to its multiple roles fluid flow has a crucial importance in determining the biofilm amount in a system and its structure [12] [13] [14] [15] . Biofilm formation in RO membrane processes has multiple negative effects on process performance: decline in permeate flux, increased salt passage and increased pressure drop over the feed channel. Experiments identified several ways by which biofilm accumulation deteriorates the membrane process performance: additional hydraulic resistance for the trans-membrane flow [2] , biofilm enhanced concentration polarization [16, 17] , increased feed channel pressure drop [18] and the occurrence of stagnant zones and preferential flow channels [19] .
Recently, biofilm models have been integrated with computational fluid dynamics (CFD) to investigate biofouling in RO and NF systems [11, 20, 21] . Picioreanu et al. [11] and Pintelon et al. [20] have developed three-dimensional models for biofilm development in the feed channel of a reverse osmosis membrane device. Their results for a module operated without permeate flux, indicate that biofouling leads to formation of preferential flow paths and feed channel pressure drop increase. Radu et al. [21] included permeate flux in a micro-scale two-dimensional model, and analyzed the effect of biofilm development on the main membrane process performance indicators (flux, solute passage and feed channel pressure drop). One has to note that much higher computational requirements appear when considering permeation because correct (i.e., accurate) calculations of the steep concentration polarization layer require fine meshes, thus a directly higher computational burden (both in calculation times and computer memory requirements). The objective of the current study was to investigate the effect of cross-flow velocity and substrate concentration on biofilm formation in feed channels and on the performance of membrane systems. First, simulations at different cross-flow velocities were carried out at a fixed substrate concentration. Second, we evaluated the effect of substrate concentration in the feed on the biofilm structure and amount at a fixed average velocity. Third, different hydraulic cleaning strategies were evaluated.
Biofouling model description
We chose a micro-scale two-dimensional (2-d) model geometry, as a good initial compromise between the calculation time and model realism. The use of a two-dimensional geometry allows a detailed numerical investigation of physical aspects relevant for biofilm formation; however a quantitative comparison with experimental data will require three-dimensional (3-d) models. The feed channels without and with feed spacer were compared in a series of simulations. For the illustration of the spacer effect on biofouling, only the case of spacer transverse filaments situated in the middle of the feed channel was considered in this study. Modeled spacer and channel dimensions are chosen according to practice [22] : channel width is L Y = 10 −3 m, spacer diameter is d s = 0.5 × 10 −3 m, distance between two spacer filaments is L s = 4 × 10 −3 m. Channel length is chosen L X = 15 × 10 −3 m. For numerical convenience the whole computational domain is divided into biofilm and bulk liquid sub-domains. A more detailed description of the model was presented in [21] , therefore only the main assumptions, equations and further model adaptations are presented here.
Model assumptions and equations
The model used in this work accounts for the following processes: (i) fluid flow; (ii) mass transport of solutes and (iii) biofilm development (including attachment, growth and detachment).
Biofilm development strongly affects the flow patterns and solute concentration (salts, substrates) fields in the feed channel. Conversely, the biofilm growth, attachment and detachment (removal) are determined by substrate availability and hydrodynamic conditions. Microbial cells multiply when nutrient is supplied and detach when exposed to high shear stress induced by liquid flow.
The fluid flow is calculated from the stationary laminar incompressible Navier-Stokes equations in the liquid sub-domain (Eq.
(1)), and from the Brinkman flow equations [23] for the porous biofilm sub-domain (Eq. (2)):
where the state variables are local liquid velocity u = (u,v) and pressure p, and the parameters are liquid density , liquid dynamic viscosity Á, biofilm permeability Ä = 10 −16 m 2 and porosity ε = 0. ) where s = −1 on the lower membrane and s = 1 on the upper membrane. p is the transmembrane pressure, is the osmotic pressure created by the concentration polarization, and L P = 9.7 × 10 −12 m Pa −1 s −1 is the membrane permeability [24] . The local trans-membrane pressure is the difference between the local pressure on the feed side on the membrane and an assumed constant permeate pressure (p P = 1 × 10 5 Pa), so that p = p(x) − p P . The osmotic pressure difference is proportional with the salt concentration difference on the two sides of the membrane, = B(C 1 (x) − C 1P ), where B = 0.04572 × 10 5 N m mol −1 [24] . No-slip conditions (u = 0) were imposed on the feed spacer surface. Flow continuity was assumed at the biofilm surface. On the outlet boundary (x = L x ) the pressure is set constant to p out = 16 × 10 5 Pa [1] .
The only soluble compounds chosen are salt (because of brackish water desalination conditions) and substrate (that determines biofilm growth rate), with concentrations C 1 and C 2 , determined from the mass balances (3) and (4), respectively:
We assume the same diffusion coefficients (D 1 = 1.5 × 10 −9 m 2 s −1 and D 2 = 10 −9 m 2 s −1 ) in the bulk liquid and in the biofilm sub-domain (justified by the relatively small quantitative effects caused by 20-40% less diffusivity of small molecules on the overall results). For substrate consumption, a single substrate-limitation Monod rate r S = ( m /Y SX )C X C 2 /(K S + C 2 ) was used, with biomass yield Y SX = 0.5 C-mol biomass/mol substrate, maximum specific growth rate m = 2 day −1 and half saturation coefficient K S = 0.025 mol m −3 set as for heterotrophic microorganisms [25] . On the inlet boundary, the brackish water contains salt and limiting substrate with concentrations C 1,in = 40 mol m −3 [1] and C 2,in = 0.25 mol m −3 , respectively. No-diffusion conditions apply on the outlet boundary. The spacer is considered as impermeable wall. The convective flux of solutes (i = 1, 2) toward the membrane equals the sum of the diffusive back transport of solute and the convective flux passing through the membrane:
The same membrane rejection coefficient, R = 1 (i.e., solutes are completely rejected by the membrane), was assumed both for salt and substrate. Flux continuity applies on the biofilm-liquid interface. See for more model details [21] .
An adapted form of the discrete biofilm model by Picioreanu et al. [9, 26] including biomass accumulation by growth, transport and biofilm/liquid transfer (e.g., attachment and detachment) was used here. The whole computational space is divided into a mesh of square elements, some of these elements containing biomass with concentration C X . The interface between the bulk liquid and the biofilm is a moving boundary, its position resulting from biomass growth and transport, coupled with attachment and detachment processes. Biomass attachment rate was constant (r att = 5 × 10 −3 Cmol m −2 day −1 ), at randomly chosen places (on the membranes, spacers and existing biofilm). Biomass growth occurs in each square element containing biofilm with the rate correlated to the substrate consumption rate (r X = r S Y SX ). It was assumed that the osmotic stress (caused by high salt concentrations) does not affect biomass growth. Biomass transport takes place when the local biomass concentration exceeds a critical value C X,m (8000 C-mol m −3 ), using the cellular automata algorithm described in [26] . Biomass detachment is based on internal stress created by moving liquid past the biofilm. After solving the liquid flow, the load forces on the biofilm surface are applied in the plane stress equations, solved for the mechanical stress . Biofilm breakage occurred when the calculated stress in a certain biomass element is higher than a threshold stress det = 7 N m −2 [27] corresponding to the cohesive strength of the biofilm [9] . In this stage, detachment means that all biomass elements (squares) where > det are removed from the biofilm, their place being taken by liquid. Biomass no longer connected to a solid surface is also removed from the system (resembling the biofilm sloughing).
Model solution
The biofilm structure develops in series of steps in time, determined by the local substrate availability and hydrodynamic conditions. The chosen time step was dependent of the substrate concentration in the feed: t = 1 h, 2 h and 6 h for substrate concentrations C 2,in = 2.5 mol m −3 , 0.25 mol m −3 and 0.025 mol m −3 , respectively. A sequential approach was used based on the assumption that hydrodynamics, mass transport and biomass growth occur at very different time scales. The characteristic time for biofilm development is very long (∼days) compared with characteristic times for achieving steady flow (∼s) and mass transport (∼min) in the biofilm [9] . Therefore, a reasonable approximation is to solve only stationary flow and mass balances in between each biomass development steps. A detailed model solution strategy is presented in [21] . The main algorithm steps performed in the time loop are:
(1) Solving liquid flow equations and the mass balance for salt simultaneously in stationary conditions to get u, p, and C 1 for a given geometry of the biofilm matrix. The main computer code used for model solution is implemented in Matlab (MATLAB v. 2008b, Mathworks, Natick, MA, www.mathworks.com) and makes use of finite element methods from COMSOL Multiphysics (COMSOL 3.5a, Comsol Inc, Burlington, MA, www.comsol.com) to solve the fluid dynamics, solute mass transport and plane stress equations and of own Java code for the biomass spreading algorithm. The finite element mesh is re-created at each time step because the sub-domains and their boundaries change in time. Tests on the numerical accuracy showed the need of using a very fine mesh next to the membrane surface, because of steep concentration gradients in the boundary layer. The mesh has a maximum size of 5 m on the membrane surface, the size increasing towards the bulk liquid up to a maximum of 30 m.
Results and discussion

Effect of cross-flow velocity on biofilm development in the feed channel
Local biofilm accumulation on the membranes results from a balance between the rates of biomass attachment and growth (as processes leading to increased biofilm volume) and the rate of detachment (which decreases the biofilm volume). An example of typical computed biofilm development in the feed channel of a membrane device is presented in Fig. 1 . The biofilm starts growing in small colonies from randomly attached cells, both on the membranes and spacer filaments. These early semi-circular colonies will merge and form a continuous biofilm on the membrane and streamer-like structures on the spacer (e.g., Fig. 1, 192 h ). Streamer formation on the feed spacer has been observed in experimental studies using membrane fouling simulators [18] . Although short streamers begin to grow downstream spacer filaments, they will eventually break because the model assumes a brittle mechanical behavior of the biofilm. More realistically, viscoelastic biofilm mechanics should be considered as shown in experiments by Stoodley et al. [28] and Klapper et al. [29] . The biofilm detachment plays an important role deciding whether an initially attached cell will form a stable colony or will be washed-out with the fluid. When the spacer filaments are in the middle of the feed channel, the highest shear rate regions are: (i) on the upstream side of the spacer, and (ii) on the membrane next to the spacer. In these areas, the biofilm hardly develops (see Fig. 1 and Supplementary Material M1 animation).
The liquid shear continuously erodes the biofilm surface, creating on the long term hydrodynamic (streamlined) biofilm shapes. As expected, at high liquid flow rates, the shear is also higher so that more biomass is detached. In consequence, thinner biofilms (and less overall biomass amount) are observed in the simulations at average inlet liquid velocity U in = 0.1 m s −1 compared with the biofilms at U in = 0.033 and 0.066 m s −1 (Fig. 2) , irrespective of feed spacer presence. At low shear rates, the biofilm may develop in such extent that it blocks completely the flow between membrane and spacer. However, total clogging of the feed channel is not expected at constant liquid inlet flow rate. The narrowing of flow channels leads to increased velocity and shear stress, thus promoting more biofilm erosion, which keeps a certain flow section always open.
In time, the detachment rate is able to balance the growth and attachment rates, so that a quasi-steady state is achieved in the biofilm amount [12, 13] . Interestingly, sloughing events also take place occasionally. An example is apparent in the simulation shown by the image sequences from 224 to 232 h in Fig. 1 . On the upper membrane between 6 and 10 mm from the inlet a large patch of biomass is removed in a relatively short time interval. After large biofilm removal events, re-growth will occur and bring the biomass layer back to a "maximum" average thickness. It can be observed in Fig. 1 that after the sloughing event starting at 192 h, the biofilm will re-grow so that at 408 h approximately the same biomass amount is reached as before the major detachment episode. At large flow velocities (e.g., 0.1 m s −1 , in Fig. 2) , the biomass is non-uniformly distributed on the two membranes. While the biofilm thickness increases on one membrane, the biofilm on the other membrane is highly eroded.
Biofilm influence on the permeate flux and pressure drop
The influence of overall biomass accumulation on the permeate flux and pressure drop in the feed channel is presented in Fig. 3 for six simulated cases (three different velocities for each channel with and without spacer). Biomass accumulation follows the experimentally observed trend with three phases: exponential (non-limited) growth, (mass-transfer) limited linear growth and, finally, the quasi-stationary state [16] . The higher the liquid velocity, the less biomass accumulates in the channel, both with or without spacer (Fig. 3A and B) . At all studied velocities the spacer presence in the middle of the channel leads to less biomass formation. This is obviously an effect of the larger shear rates produced when the flow section is narrowing. Increasing the liquid flow rate has actually several contradictory effects. First, the thickness of the mass transfer boundary layer for substrate is reduced, which could lead to an accelerated biofilm growth due to larger substrate transfer rate. Second, higher cross-flow velocity reduces the substrate concentration polarization, thus the substrate availability next to the membrane. Finally, higher flow rates apply more shear on the biofilm and, consequently, determine more detachment. The detachment, however, seems to be the decisive effect that limits the overall biomass accumulation in all the studied cases. It should however be mentioned that several studies reported an increased biofilm density and strength when grown in high shear conditions [13] . Although it is still unclear what are the mechanisms for this process, further model improvements could consider variable biofilm strength leading to differential detachment rates (for example, as a function of cell content, EPS fraction or biomass density, like in Xavier et al. [30] ).
In reverse osmosis processes, the permeate flux is one of the main performance indicators. The permeate flux obtained appears to be in direct correlation with the biofouling extent ( Fig. 3C and D) . The flux is initially almost the same in all cases in the clean channel, but declines less in the particular case of feed channel with spacer in the middle (less biomass formed due to more shear).
In practice, the feed channel pressure drop increase is the main decision factor for stopping the plant to perform cleaning operations. Fig. 3E and F present the feed channel pressure drop for the small simulated channel length (1.5 cm). The same general trend for feed channel pressure drop increase due to biofilm formation has been reported in several experimental studies [18, 20] . Obviously, the pressure drop is much larger in full-scale applications, where eight modules of 1 meter in series are used. Without spacer the pressure drop is initially significantly lower than with spacers, and this difference is more marked at higher flow rates. Interestingly, model results indicate that the relative increase in pressure drop due to biofilm formation is the least pronounced at the highest flow velocities. This is again correlated to the higher shear and less biomass formation at high flow rates. These results suggest that increasing the flow rate could represent a strategy to alleviate biofouling if energy costs allow it.
Hydraulic membrane cleaning
Changes in hydraulic regime might be used to remove biofilms [6, 7, 31] . Results of various simulated cleaning strategies are presented in Fig. 4 . First, for the operation at U in = 0.033 m s −1 , we increased the average inlet velocity in a step-up to U in = 0.1 m s −1 at day 8, when the biofouling was very significant. Large sloughing occurred immediately and the biomass amount dropped shortly. Eventually, when keeping this high velocity after day 8, steady biomass amount established again after approx. 2 days but at slightly higher levels than those reached when the biomass developed from the beginning at U in = 0.1 m s −1 . Clearly, this operation would not be economically very efficient due to the high energy costs, lower water recovery and investment in more powerful pumping equipment. Second, the flow velocity was increased every 48 h for 6 h to U in = 0.1 m s −1 , (thus a three-fold increase), leading to alternating periods of biomass sloughing and re-growth. An increased biomass detachment when higher flow rates are suddenly applied has been also shown experimentally in test tubes [7] . This operation mode could be less expensive than the previous case. However, this alternating flow regime would still be difficult to be realized in practice due to pumping limitations.
Third, we investigated the effects of periodically reversing the flow direction. It was assumed that no permeation occurs during the cleaning, that the cleaning is performed with water containing 100 times less substrate than the feed water and that the reversed flow has 3-fold increased velocity (0.1 m s −1 ) instead of 0.033 m s −1 , under which the biomass has developed. The results were similar to those obtained at periodically increased forward flow. However, the computational model should be improved to take into account the fate (e.g., re-attachment and filtration) of the removed biomass, which transported by the liquid could eventually block other parts of the installation.
In conclusion, having less biofouling at high flow rates does not necessarily mean a more economically efficient way of operation due to the larger energy input needed and the lower water recovery. Nevertheless, there are some important practical implications related to the use of an increased cross-flow. The benefits of a higher cross-flow in reducing concentration polarization, salt precipitation and colloidal fouling have been emphasized in several studies [36, 37] . Since often different types of foulants influence each other, such a strategy may reduce the overall performance degradation. Defining optimal operation conditions would certainly involve a more elaborated analysis of process-associated costs.
Effect of inlet substrate concentration on biofouling
Since biofilm development is determined by substrate availability and detachment rate, we studied the effect of different levels of substrate (C 2,in = 0.025, 0.25 and 2.5 mol m −3 ) present in the feed water on biofouling. Model results indicate that, at steady state, comparable amounts of biomass are formed in the channel for high as well as for low substrate concentrations in the feed (Fig. 5 ). This suggests again that the limitative factor for biofilm development, within the current model parameters, is the biomass detachment. Low substrate levels may only help to delay the undesired effects of biofilm developed in a RO membrane device, assuming that the biofilm is a problem (biofouling) only when a threshold biomass amount accumulates in the feed channels. The quasi-steady state is reached within 50 days for the most substrate limited case (0.025 mol m −3 ), while at higher substrate availability (2.5 mol m −3 ) the steady biofilm thickness is achieved within ∼12 days.
An interesting observation is that in reverse osmosis systems substrate accumulates near the membrane surface, a phenomenon called "concentration polarization". For inert solutes (e.g., salt) the biofilm strongly increases the concentration polarization (see Supplementary Material M2). Enhanced concentration polarization is recognized as one of the main causes by which biofilms contribute to flux decline, because a higher salt concentration at the membrane means enhanced osmotic pressure opposing the transmembrane pressure, thus lower effective driving force for permeation. A more detailed theoretical analysis can be found in [21] and experimental evidence in [16] . For the substrates utilized by the biofilm, the concentration polarization effects can be more complex: the substrate accumulates due to water permeation and membrane rejection, but it is also consumed if a biofilm is present. Fig. 6 shows the substrate distribution corresponding to biofilm structures at different moments and inlet substrate concentrations. In a first stage, high concentrations of substrate are present in the colonies situated on the membrane (Fig. 6A -4 days) . On the contrary, the substrate level is rather low in the colonies developed on the spacer. This clearly demonstrates that the rejected substrate accumulates at the membrane surface (i.e., forming a substrate polarization layer) and that the biofilm enhances the concentration polarization. Interestingly, as the biofilm thickness increases, the overall substrate consumption rate will dominate over the accumulation due to polarization, so that a switch takes place from increasing to decreasing substrate concentrations in the biofilm (Fig. 7) . In this second stage, while the smaller colonies still benefit from increased substrate levels, substrate depletion occurs in the larger colonies, especially near the membrane. Therefore the biofilm developed on the membrane will contribute to a decreased passage of substrates to the permeate. Note that in Fig. 7 the substrate peak at around y = 0.15 mm is due to substrate brought by the liquid flow (convection) from regions of higher substrate concentration polarization situated near the membrane upstream this colony. This effect could be observed only in a truly two-dimensional model including liquid flow. At low inlet substrate concentrations (0.25 and 0.025 mol m −3 ), most of the biofilm is substrate-limited from early stages (Fig. 6B) . Biomass growth occurs only in a thin outer layer of the biofilm (the "active layer" or "penetration depth").
It has been argued that the substrate concentration polarization may contribute to enhanced biofilm growth [16] , but a more detailed model-based analysis is needed to confirm or reject this hypothesis. It can also be assumed that different compositions of biofouling layers (i.e., various microbial types and microorganism/gel ratios) develop in distinct areas of the feed channel due to variable substrate availability. One more factor that may contribute to different biofilm accumulation in systems with liquid permeation is the flow though the biofilm matrix (see streamlines in Fig. 8 ), which could lead to enhanced convective substrate flux. Further experimental studies in flow cells operated with permeation (thus with concentration polarization) and without permeation (no polarization) could provide more insight, as well as applying multispecies biofilm models [32] in the RO biofouling process. 
Reproducibility of biofouling simulations
The main stochastic biofilm processes are attachment and detachment; this aspect is being recognized an important factor that may affect the reproducibility of certain biofilm processes [33] [34] [35] . In the current model, attachment is assumed to be occurring with a constant rate, but at any randomly chosen place, both on membranes and spacer.
In this context, the reproducibility of biofouling simulations was tested in a series of five runs starting from different seeds of the random number generator used in the computed code. In addition, the effect of attachment rate and detachment (via cross-flow velocity) on the reproducibility of the numerical results was evaluated. Three scenarios were studied: (A) "low" attachment rate It can be assumed that the attachment rate may play a role in the biomass development especially in the early stages: an increased attachment rate increases the probability of attaching a cell in the right place, i.e. where it will not be immediately detached due to shear stress caused by the fluid flow. Indeed, numerical results show better reproducibility for the total biomass amount at higher attachments rates (Fig. 9 series (A) compared to series (B) ). At the same time, as expected, biomass accumulation is significantly faster for higher attachment rate. However, it can be noticed that the amount of biomass in the system at steady state is independent of the attachment rate. A relatively constant amount of biomass obtained at steady state for different attachment rates shows that growth and detachment are important in the model and the biofilm formation in the model is not based on a filtration effect (i.e., the simple accumulation of cells due to deposition). However, under severe nutrient limitations, it is possible that initial attachment of cells has a major contribution to the overall development of the biofilm. Additional model refinements should consider selective attachment of bacteria, as a result of, i.e., coupling of bacterial motion with the flow field.
We would expect that for the same attachment rate, a lower detachment rate increases the probability that cells once attached will remain in place. For "low" attachment (5 C-mol m −2 day-1), biomass development was studied under two cross-flow velocities: U in = 0.033 m s −1 ("low" detachment) and U in = 0.1 m s −1 ("high" detachment). As expected, for a lower detachment better reproducibility of results was obtained (compare biomass accumulation in Fig. 9 series (A) with that in series (C)). Until ∼ day 8 (figure series (C)) the same amount of biomass exists in the channel for all simulation runs at low cross-flow velocity. A good agreement is observed between the replicates of each simulation during the exponential growth phase and the mass-transfer limited phase. After the first major sloughing event (approx. day 9), the amount of biomass in the system changes unpredictably, but still the same "noisy" steady state is reached (∼32 g biomass m −2 ). At a high cross-flow velocity ("high" detachment) differences in the amount of biomass in the Although the total amount of biomass is almost identical, for (A) 37% of the total biomass is on the membranes, while for (B) 74% is on the membranes. This may lead to faster biomass growth in case (B) in the mass-transfer limited phase, but eventually the same steady state is obtained (see Fig. 9 ). channel can already be observed earlier, from day 4, right after the exponential growth phase (Fig. 9 series (A) ). However, replicates indicate that the general conclusion reached in Section 3.1 remains valid: although the attachment is modeled as a stochastic event its effect on the biomass accumulation remains limited, i.e., a higher cross-flow velocity leads to less biomass in the channel.
Overall, less reproducibility was obtained for the results at highest detachment and lowest attachment rate ( Fig. 9 series (A) ). The cause of these slightly different total biomass accumulation curves is the biomass location: more biomass attached to the membrane in the exponential growth phase seems to lead to more biomass formed later, during the substrate limitation phase. Fig. 10 shows comparatively the biomass structures in the channel at day 3 obtained in runs 4 and 5. Although the biomass amount for these two simulations is very similar (0.352 and 0.362 g m −2 ), the biomass distribution in the channel can be different. For run 4, 63% of the total biomass developed on the spacer and only 36% on the membranes Fig. 10A ; for run 5 Fig. 10B , there was more biomass present on the membranes (74%) compared to the spacer (26%). In this particular 2-d case with spacer filaments in the middle of the channel, due to the concentration polarization effect the substrate availability next to the membrane is higher than next to the spacer (see Section 3.4) and this may explain a slightly higher growth rate on the membranes. On the other hand, also the biomass detachment rate is different at various places (e.g., on the membranes and spacer).
Conclusions
The proposed numerical model can provide significant insight on biofilm formation in relation to different operational conditions of reverse osmosis membrane systems. Simulations suggested places in the feed channel where biofilms are more likely to form, usually in regions of low liquid shear stress. In all simulations at constant inlet flow rate a steady state was reached in biomass amount, as a consequence of an increasing detachment rate in time, which eventually could balance the biomass growth rate. At high liquid flow rates, the higher shear leads to more detachment and in consequence to thinner biofilms. The amount of biomass at steady state is fluctuating in time because of intermittent sloughing events. The permeate flux decline is directly correlated with the amount of biomass in the feed channel. The relative increase in pressure drop is less pronounced at higher flow velocities, due to less biomass formation. Simulations clearly illustrate how the rejected substrate accumulates at the membrane surface due to concentration polarization. With an increased biofilm thickness, however, the overall substrate consumption rate dominates the accumulation due to polarization. Therefore, the accumulation of rejected substrate could only accelerate in a limited extent the biofilm growth. Finally, the dynamics of biomass accumulation in the channel for several replicate model runs proves not to be strongly influenced by the stochasticity of the microbial attachment mechanism considered in the model.
A two-dimensional model is limited in interpreting experimental data for spiral-wound reverse osmosis process on a quantitative basis. However, this is a necessary step towards much more demanding three-dimensional calculations. We believe that the numerical approach combining computational fluid dynamics with biofilm models will properly complement experimental observations. The model can theoretically explain results from particle image velocimetry [38] and magnetic resonance measurements [19] of flow fields or the salt concentration polarization [16, 17] . Moreover, the model suggests that new measurement techniques need to be developed, e.g., for accurate substrate measurements and for biofilm mechanical properties. In this way, the modeling approach will improve the understanding of biofouling in spiralwound reverse osmosis and nanofiltration processes.
